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Abstract 
The manufacturing industry is under pressure to reduce the emission of solid and liquid refuse as well as waste gas from plants 
into the environment. Technologies that reutilise these wastes can be referred to as cycle technologies. To assess which of these 
technologies to adopt is a challenge, since hardly any methods to evaluate the sustainability benefits exist. 
A conceptual framework for near-to-site variations of cycle technological design has been developed. Suitable structure and 
characteristics for initial technology assessment, specifically for these cycle technologies are presented. This approach is 
validated by a first promising example of crustacean shells reutilisation. 
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1. Introduction  
Meeting human needs without overburdening mankind or 
nature is one of the pressing issues now being faced. The 
challenge of meetings these needs can be referred to as 
sustainable development, a rational prerequisite for the future 
of mankind on earth [1]. Through manufacturing resources are 
exploited, direct emission and waste is generated [2]. 
Furthermore, many products at their end of use finish up at 
landfills, where their embodied capital, energy and materials 
are lost. 
Since the publication of the report of the Brundtland 
Commission - Our Common Future, sustainability has 
attracted a lot of attention. The report’s focus on sustainable 
development manifested a novel approach towards the 
limitations of technology, social organisations, and the 
environment in meeting the needs of people around the world
in the present, as well as in the future [3].  
One concept that could contribute to overcoming these 
limitations is circular economy which aims at recapturing the 
remaining value in waste streams. These waste streams are
turned back to utilisation in same, similar or different form 
with a net requirements reduction for virgin raw materials as 
and reduction of emission, solid waste, and liquid waste [4].  
Treating waste streams at the source of where they are 
generated offers certain opportunities. In this context, two 
terms; ‘on-site’ and ‘near-to-site’ are introduced. ‘On-site’ is a 
term used by industries such as the factory planning industry, 
the construction industry, and the manufacturing industry to 
specify the particular place where an activity occurs. For the 
manufacturing industry this is the area on which the 
manufacturing plant is located on as defined in a legally 
binding document such as an operating permit. “Near-to-site” 
in this context will refer to a distance equally to, or less than 5 
kilometres in a radius from the area, on which the 
manufacturing plant is located on as defined in a legally 
binding document such as an operating permit. Recapturing 
emission closer to the source decreases the effect of 
dispersion, recapturing liquids closer to the source reduces the 
effect of dilution, and recapturing solids closer to the source 
reduces effort in transportation, sorting, gathering, and 
possibly disassembly which would reduce costs, greenhouse
gas emission, eutrophication and acidification. 
The aim of this paper is to set up a framework that 
facilitates the design of waste cycles that turn waste into 
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value, at the source of the waste and thus enable more value 
creation with less resource consumption. If pressure on 
manufacturing plants to improve their environmental 
performance increases, they will have to adopt new 
technologies in order to treat the generated waste. In order to 
do so comparison methods for plants will have to be 
developed. 
As an example to show the validity of this paper, an 
ongoing project on shrimp shell reutilisation is presented. 
Initial results of this type of reutilisation are promising. 
2. Linear value creation to cycle value creation 
Until the 1980s the European manufacturing industry 
constituted prominently towards a linear value creation of 
materials, where products at the point in time when they 
ceased to fulfil their intended function(s) or when they were 
no longer desired by the user would be discarded. Now, 
material recovery has become a commodity-based, profit-
driven industry where the dynamics of cooperation and 
competition play a large role [5]. 
In order to depict the flow of material with its main 
material cycle, a model for cycle value creation is presented 
on Fig. 1. It shows the flow of material in a source-to-sink 
relationship. Linear value creation refers to materials entering 
the system at the raw material processing phase and ending 
untreated and/or as landfill. A circular value creation is when 
reuse, remanufacturing, recycling, and waste reutilisation 
steps are used in order to eliminate the flow of materials 
beyond the limit indicated in the figure [1], [6]. 
One of the primary functions of manufacturing is to create 
valuable products by transforming raw materials into desired 
outputs that are designed according to customer’s 
requirements and their willingness to pay [7]. In a linear value 
creation as within manufacturing plants, the spent costs for 
parts, components and products increase downstream. Due to 
the fact that every process step requires labour, energy, and 
materials, a cascading effect occurs in which every step 
downstream adds costs to the initial costs of the raw material 
used. This cascading effect of manufacturing and retail costs 
means that the closer a product gets to the user, the more 
costly the discovery of a product failure is going to be, 
comparatively. Common practice in order to reclaim residual 
value of scrap is to carry out rework of out of spec products 
on-site [8]. Manufacturing accounts for around one-fourth of 
the world’s direct emissions [9], consumes approximately 
40% of the world’s energy, therefore, is responsible for a 
large proportion of the world’s indirect emissions [10] and a 
large contributor to waste generation [11]. Treating waste at 
the source of where it is generated should be a high priority in 
order to ensure that resources are reclaimed and waste is 
reduced. 
Reuse is a common practice for products at the end of use, 
examples are products that are sold on second hand markets, 
where both formal and informal paths exist. The product is 
then resold as long as it is still capable of performing its 
intended function to another user.  
Remanufacturing (also reconditioning) refers to products 
that have lost the capacity to fulfil their intended function, 
partially or fully, but due to the process of remanufacturing, 
the functionality is restored, thus reducing the net need for 
virgin raw materials [12].  
Recycling is the term used for recapturing of raw materials 
such as plastics, alloys and steels. Traditional view is to view 
recycling as both material recovery and energy recovery, even 
though in this paper, recycling refers only to material 
recovery [13].  
Energy recovery, landfilling, and untreated disposal of 
waste should be avoided if procurable. Energy recovery 
processes such as incineration recover only small proportions 
of the capital, energy, and materials embodied in the product, 
and non-degradable materials that end up at landfills as well 
as waste streams that enter the ecosystem untreated loose 
most of their embodied capital, energy and materials.  
The recycling industry faces the problem that the waste 
recycle rate of the target material drops as the concentration 
rate of the output fraction decreases. This problem is called 
the concentration dilemma [14] and is likely to affect the 
recapturing activities of solid waste, upstream in value 
creation cycles compared to what occurs downstream, due to 
cost of recapture. The other solid wastes go untreated due to 
lack of interest, low residual value, high price for solid waste 
post-treatment, low price for landfilling, or any combination 
of the forenamed. 
Fig. 1. Model for cycle value creation (material flow is depicted with the arrows). Adopted from [1] and [6]. 
274   Jón Garðar Steingrímsson and Gü nther Seliger /  Procedia CIRP  15 ( 2014 )  272 – 277 
3. Assessment methods 
Different types of tools and techniques, depending on the 
specific focus at hand, can facilitate the selection of new 
technologies from an economical point of view. Techniques 
such as total cost, life cycle costing, equipment life costing, 
and total cost of ownership are all related and provide a long 
term insight into a specific investment in new equipment. 
Their main focus is to show the difference between direct and 
indirect costs of purchase, and how the feasibility of 
equipment can change through operation from the initial point 
of purchase [15]. 
Analytical tools that focus on material, energy and waste 
modelling are numerous, such as process flow modelling 
(PFM), material flow modelling (MFM), value stream 
mapping (VSM), material and waste modelling (MW), as well 
as material, energy and waste (MEW) modelling. PFM, MFM 
and VSM are tools that focus on representing the main flow of 
materials through a plant in terms of key operating figures 
[16], [17], but VSM exceeds the other two  through the 
emphasis on eliminating waste in the process. By conducting 
MW and MEW modelling in a systematic manner, potential 
interactions between current processes can be identified [18], 
[19]. The forenamed modelling tools are suitable for 
modelling current status with the objective to identify 
improvement potentials, but these potentials have to be 
modelled in order to have a comparison. 
A tool to measure environmental impact of products, and 
more recently also processes, is the life cycle assessment 
(LCA). The utilisation of LCA began in the 1960s, and has 
attracted the attention of a wide spectrum of users since then, 
especially in recent time [20]. The LCA is a systematic 
approach used to assess the environmental impact of a product 
throughout its life cycle as shown in the model in Fig. 1 [21]. 
The LCA is product specific, alterations made on a process 
level are often neglected, the assumptions made are subjective 
(e.g. the boundaries determination, the source of data, and the 
impact assessment choice), and emerging technologies are 
hard to model [21]. 
The carbon footprint is a measurement of greenhouse gases 
a plant produces. Direct emission is immediately produced in 
the process of manufacturing, and indirect emission is the 
burden already embodied in the electricity and energy once it 
enters the plant and depends on the source of energy used. 
Carbon footprint is a measurement of the total amount of 
greenhouse gases, measured in carbon dioxide equivalent for 
a specific system such as a plant. Carrying out a carbon 
accounting, as well as conducting a LCA, is subjective task. 
The subjectivity of these two assessments, make estimations 
for emerging technologies difficult [22].  
Despeisse et al. state that in order to improve 
environmental performance of the manufacturing industry, 
there must be a decoupling of economic performance and the 
environmental performance [18]. It should not be neglected 
that how perform according to corporates sustainability, e.g. 
environmental performance has a positive effect on the 
economic performance of companies [23].  
As seen by this overview, these tools and techniques focus 
on analysing the current status. They can provide a 
comparison between two or more fully modelled variants but 
would benefit from a technology identification and 
comparison method on early stages. Consideration towards 
economic performance is essential but environmental 
performance is also importance.  
4. Framework for waste cycle design 
4.1. Technology identification and comparison 
The following section provides a multi-objective 
evaluation technique for emerging waste cycle technologies to 
be utilised near-to-plant. It is represented in a morphological 
matrix [24], a useful tool in the design of processes [25]. The 
total number of twelve characteristics is grouped into three 
areas: economic dimension, environmental dimension and 
technical dimension. This classification scheme is depicted in 
Table 1. 
Fleiter et al. proposed measuring economic advantages 
through internal rate of return and payback period. The 
internal rate of return (IRR) indicates the rate of growth, a 
project is expected to generate. The payback period specifies 
the period in which the project’s capital investment reaches 
the break-even point [26]. Operations and maintenance 
(O&M) costs specify the incurred expenses on keeping the 
facility operating, such as operator wages, rent, and taxes 
compared to the income of the plant. It is an indication of how 
large the proportion of O&M expenses is in the plant’s total 
annual cost structure. The last characteristic for the economic 
dimension is the operational life time of the reutilisation 
system. Both, O&M costs as well as operational life time are 
typical characteristics used by engineering, procurement, and 
construction management (EPCM) plants to evaluate the 
economic performance of a system.  
The environmental dimension contains four characteristics 
relevant for the manufacturing industry that were selected 
based on relevance for the ecosystem and the reliability of the 
indicators: Greenhouse gas (GHG) emission benefits, natural 
resources benefits, eutrophication benefits and acidification 
benefits [27].  GHG emission refers to air pollution that can 
absorb and emit infrared radiation. GHG are considered to 
cause the greenhouse effect [28]. Natural resources are the 
materials occurring in nature, which can be exploited and 
turned into products. Discharge water containing phosphorus 
can cause eutrophication. Enhancement of eutrophication can 
be harmful for the ecosystem in the receiving water system 
[28]. Emission gases containing substances that can form 
acids are described as having a potential for acidification [11], 
[28]. These four categories represent the net environmental 
benefits from adopting the reutilisation technology. Indirect 
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emission or the emissions of greenhouse gases associated with 
the purchase of energy (electricity, heating, etc.) is considered 
to be out of the scope of this paper.  
The last group is the technology dimension and covers four 
categories: technology maturity, concentration level of target 
material, closeness to plant, and waste flow stability 
requirements. The technological maturity indicates upcoming 
technologies and thereby certain opportunities as well as risks 
that are inherent to the technology [29]. The concentration 
dilemma presents problems related to gathering and collection 
[14]. The closeness to plant represents the distance to the 
source and thus implicates rising costs and risk to the flow of 
waste, as the distance increases. The waste flow stability is a 
characteristic important for the waste cycle technology. 
On the bottom of the table, the adaptation rate is presented 
as two triangles on top of each other, representing a higher 
adoption rate on the right side. Depending on preferences the 
attributes can be quantified and weight in order to calculate a 
sum that would be the adaptation rate.  
Table 1. Multi-objective evaluation technique for waste cycle technologies. 
Characteristics Attributes 
 
 
Internal rate 
of return 
Very low 
(<5%) 
Low  
(5-10%) 
Medium  
(10-20%) 
High 
(>20%) 
Payback 
period 
Very long 
(>15 years) 
Long  
(15-10 
years) 
Medium  
(4-9 years) 
Short  
(<4 years) 
O&M costs 
High 
(>40%) 
Medium  
(20-40%) 
Low  
(5-19%) 
Very low  
(<5%) 
Operational 
lifetime  
Short (<5 years) 
Medium (5-20 
years 
Long (>20 years)  
 
 GHG Emission 
benefits 
Not known Negative Negligible Positive 
Natural 
resources 
benefits 
Not known Negative Negligible Positive 
Eutrophication 
benefits 
Not known Negative Negligible Positive 
Acidification 
benefits 
Not known Negative Negligible Positive 
 
 Technology 
maturity 
Laboratory Pilot plant 
Full scale 
demo plant 
Commercial 
plant 
Concentration 
level of target 
material 
Very low  
(<5%) 
Low  
(5-20%) 
Medium  
(20-40%) 
High (>40%) 
Closeness of 
plant 
Near to existing 
plant (≤5 km) 
Adjacent to  
existing plant 
Within existing 
plant 
Waste stream 
outflow 
behaviour 
Discrete with non-
predictable 
intervals 
Discrete with 
predictable 
intervals 
Continuous 
   
  Higher adoption rate 
Lower adaptation rate 
 
The information contained in the three dimensions of the 
multi-objective evaluation technique for waste cycle 
technologies is useful for the feasibility study. The technique 
should be applied on two or more technologies for the same 
waste stream. The technology with the highest adaptation rate 
should be selected. 
4.2. Waste cycle technology design 
In order to be able to design and plan for cycle value 
creation, materials (direct consumables and indirect 
consumables) and wastes (gases, liquids, solids, and their 
mixtures) have to be identified, modelled, and means for 
waste cycle must be found. A conceptual framework for near-
to-site waste cycle design which contains seven phases is 
introduced on Fig 2: Phase 1; a technology identification 
according to the classification scheme, phase 2; a technical 
performance identification, phase 3; feasibility study, phase 4; 
setting up a basic data list, phase 5; carrying out a materials 
and energy (MW) modelling, phase 6; concept and detail 
planning, and phase 7; the realisation.  
The waste streams are compared towards known waste 
cycle technologies and when a plausible match is identified a 
technical compliance process is carried out. In this 
compliance process the requirements of the waste cycle 
technology are compared to what the existing facility can 
provide. The requirements can consist of specifications 
towards waste flow stability (several waste cycle technologies 
require continuous flow in order to operate consistently), 
dependency of energy, consumables and building service 
systems from the existing facility. 
 
 
Fig. 2. Conceptual framework for near-to-site waste cycle design. 
If the technical compliance process reviles that a system 
can sustain a waste cycle technology then a feasibility study is 
carried out in order to assess the economic performance. An 
important aspect is the reutilisation of the waste stream, 
whether it is intended to be used within the existing 
manufacturing plant or if the waste stream will have a new 
purpose.  
Large construction and engineering conglomerates such as 
Bechtel Corporation, Hatch ltd and Pechiney SA use tools 
such as technical performance identification, feasibility study, 
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basic data list (BDL) to carry out a materials and energy 
modelling in order to plan the employment of equipment [30]. 
The BDL is a tabulation of key figures of what the 
manufacturing facility utilises over a specific time period, 
such as energy (e.g. electricity, gas, and oil), consumables, 
packaging material, building service systems (e.g. compressed 
air, hydraulics, potable water, cooling medium, hydraulics, 
and steam) but also process parameters (e.g. production, cycle 
times, yield, and lead time) and shift setup (e.g. working, non-
working, and maintenance). The ME modelling is a modelling 
of the material and waste flow across the whole 
manufacturing plant. Flow is modelled from source to sink in 
order to present the amount of desired outputs and waste 
generated over a specific period in time. 
5. Case study 
5.1. The Icelandic shrimp industry 
In Iceland shrimps (mainly Pandalus borealis) have been 
commercially caught for more than 40 years. Once the catch 
reaches shore, it is rinsed, and separated according to size. 
Most modern on-shore shrimp processing facilities have de-
heading machines, where the heads are severed from the tail 
and peeling machines where the shells are removed from the 
shrimp flesh. After de-heading and peeling, inspection is 
made, and the shrimp flesh continues to ultra-high-
temperature processing, quick cooling, freezing, and 
packaging, before storage and dispatch. 
The three most noticeable waste types are the rinsing 
water, which contains relatively low concentration level of 
proteins, the shrimp head, and the shrimp shell. The rinsing 
water is treated due to requirements set by the operational 
permit through a grease trap and then conveyed to the ocean. 
The shrimp heads and shells would afterwards be landfilled. 
The decomposition process starts quickly after the core 
temperature of these waste types rises above one or two 
degrees centigrade. Microorganismss generate gases such as 
carbon dioxide, carbon monoxide, ammonia, chorine, and 
sulphur dioxide. This feast of rotting flesh attracts the 
attention of animals such as worms, mice, birds, and rats. The 
latter three pose health threats to other animals such as 
humans. 
5.2. Chitin and chitosan production 
Chitin is a biopolymer and a mayor component in the 
supporting tissue of crustaceans. Traditionally, the waste 
cycle of chitin is done by a chemical method using 
concentrated acids and bases in order to deproteinise and to 
demineralise the shells. From chitin, chitosan can be made 
through a deacetylation process. The applications of chitosan 
are various, e.g. as heavy metal absorption, binder of fat from 
foodstuff, as an antibacterial agent, and wound healing agent. 
In 1999 a greenfield chitin plant was commissioned in the 
town of Siglufjörður, Iceland. This facility is capable of 
processing around 15.000 metric tonnes of shrimp shells 
annually. The concentrated acids and bases, however, pose 
environmental challenges that have to be considered and put 
into context compared to the economic performance of the 
plant. This is due to the fact that the post-treatment used for 
the acids and the bases is a neutralisation process resulting in 
the generation of additional substances that are detrimental to 
the ecosystem such as nitrogen, phosphor, and calcium. The 
greenfield plant has introduced new technologies with the 
main objective to replace the deacetylation process with an 
enzyme based method. This method is now being considered 
under the developed conceptual framework for a novel near-
to-site waste cycle design. 
The results can be seen in Table 2, where the new method 
presents considerable improvements in the economic and the 
environmental performance. This replacement of the base-
based chemical method results in a decrease in the chemical 
oxygen demand, a decrease in the total organic carbon. 
Furthermore, the values of nitrogen, phosphor, and calcium in 
the environment are expected to drop [31].  
Table 2. Comparison of the two technologies (Legends for attribute score: 
Existing approach:        New approach:        Both approaches:       ). 
Characteristics Attributes 
 
 
Internal rate 
of return 
Very low 
(<5%) 
Low  
(5-10%) 
Medium  
(10-20%) 
High 
(>20%) 
Payback 
period 
Very long 
(>15 years) 
Long  
(15-10 years) 
Medium  
(4-9 years) 
Short  
(<4 years) 
O&M costs High 
(>40%) 
Medium  
(20-40%) 
Low  
(5-19%) 
Very low  
(<5%) 
Operational 
lifetime  
Short (<5 years) 
Medium (5-20 
years 
Long (>20 years)  
 
 GHG Emission 
benefits 
Not known Negative Negligible Positive 
Natural 
resources 
benefits 
Not known Negative Negligible Positive 
Eutrophication 
benefits 
Not known Negative Negligible Positive 
Acidification 
benefits 
Not known Negative Negligible Positive 
 
 Technology 
maturity 
Laboratory Pilot plant 
Full scale 
demo plant 
Commercial 
plant 
Concentration 
level of target 
material 
Very low  
(<5%) 
Low  
(5-20%) 
Medium  
(20-40%) 
High 
(>40%) 
Closeness of 
plant 
Near to existing 
plant (<5 km) 
Adjacent to  
existing plant 
Within existing 
plant 
Waste stream 
outflow 
behaviour 
Discrete with non-
predictable 
intervals 
Discrete with 
predictable 
intervals 
Continuous 
   
  Higher adoption rate 
Lower adaptation rate 
The concentration levels of the targeted material for the 
new approach are lower than of the existing approach, which 
are considered very likely to yield higher inflow of cash and 
therefore, improve the internal rate of return and reduce the 
payback period. The project owners for the new plant put 
more weight on environmental performance than risk related 
to the technical side and for them the new technology is more 
favourable. 
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6. Conclusion and outlook 
This paper presented a design approach for near-to-site 
cycle waste utilisation. Near-to-site consideration towards 
treatment of waste will continue to gain momentum as the 
manufacturing industry will have more pressure to improving 
the environmental performance. Waste contains substances 
and materials that can be reintroduced into circulation and 
therefore it is important for the manufacturing industry to be 
able to identify and compare different technical solutions. 
These technical solutions have direct economic, 
environmental implications, technical consideration as well as 
indirect social implications, through local job creation. A 
multi-objective evaluation technique for waste cycle 
technologies was presented, intended to open up solution 
spaces for stakeholders, reluctant to undertake large costs in 
terms of planning. A conceptual framework for near-to-site 
waste cycle design was introduced, briefly describing how the 
new technology should be designed and planned into the pre-
existing system. 
As an example, two methods of producing chitosan were 
selected and compared. Both methods turn value into waste 
but with different implications. As with many novel 
technologies, new sets of challenges have to be faced, 
environmental and technical challenges. Additionally, the 
indirect social implications have to be considered. Increased 
focus on treating waste, closer to where it is produced is 
considered to offer possibilities for plants with similar waste 
streams e.g. industry clusters, where synergetic effects can be 
used in order to improve the economic viability of adopting 
waste cycle technologies. 
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